Conventional character of household fuel use in India showed significant impact on residential-indoor air quality and consequently deteriorating personal air quality of inhabitants. Multi-complexity in location and type of industrial units along with haphazard traffic system are some of the major challenges in resolving relative source contribution with higher significance, especially in case of indoor and personal level air quality. On the basis of questionnaire survey that include daily activity pattern with use of household cooking fuel by local residents, three fuel categories identified: 1) Use of Liquid Petroleum Gas (LPG) stove, 2) Use of kerosene stoves and electric stoves and 3) Conventional stoves using coke and cow dung cakes. In many of middle class residents, kitchen cooking is depending on all three categorized fuels. A longitudinal measurements of respirable particulate matter (RPM) in residential-indoors, ambient-outdoors of selected source sites and local-outdoor of road-traffic junctions have been monitored during October-December 2009. Sampling frequency was ten (twice in a week). Chemical Mass Balance (CMB8) was executed using source-routes and indoor-receptor compositional profiles. Results have shown significant variation in relative contributions of outdoor sources with potential impact of household fuel emission on source contributions of indoor RPM. Results also explained extent of contribution from roadtraffic emissions, local soils and major industrial complex to indoor RPM levels.
INTRODUCTION
Unprocessed solid fuels such as coal, wood, and animal waste are combusted for cooking and heating by low-income populations in developing countries (Raiyani et al., 1993; Ge et al., 2004; Pohekar et al., 2005; Farsi et al., 2007; Basu et al., 2008; Joon et al., 2009; DeFries and Pandey, 2010) . This Household Fuel Burning (HFB) elevates indoor and outdoor pollutant concentrations and human exposures, with a large variation depending on the fuels, burning methods, and appliances. Excessive exposure to these emissions is associated with several adverse health effects, especially for women and children (Bhargava et al., 2004; Pokhrel et al., 2005; Kanishtha et al., 2006; Padhi and Padhy, 2008; Mondal et al., 2010) .
However, solid fuel combustion is only one contributor to excessive Respirable Particulate Matter (RPM, particles with aerodynamic diameters < 5 µm) in indoor environments Pervez, 2007, 2008) . Infiltration of outdoor air, re-suspension of house dust, bio-aerosols from plants and animals, and many other sources can also be large contributors to indoor air (Sexton and Hayward, 1987; Adgate et al., 1998; Hidy et al., 2000; Kopperud et al., 2004; Larson et al., 2004; Cao et al., 2005a; Cao et al., 2005b; Hu et al., 2006; Gadkari and Pervez, 2007; Cortez-Lugo et al., 2008; Gadkari and Pervez, 2008; Hu et al., 2009) . The purpose of this study is to quantify contributions from different sources to indoor RPM levels in an urban-industrial region of southeast-central India, with special attention to the HFB source. This is accomplished by measuring elemental markers for different source types and interpreting them using receptor models.
METHODOLOGY

Indoor-receptor Sampling
Measurements were obtained from October 02 through December 05, 2009 at four homes in Raipur, Chhattisgarh, India, as shown in Fig. 1 . Sampling sites were selected according to established criteria (Gilbert, 1987; Abt et al., 2000; Crist et al., 2008; Begum et al., 2009; Massey et al., 2009 ) that describe the following parameters have to be included in decision of sampling sites: meteorological records (wind direction, wind velocity, relative humidity and average rainfall), layout map, development plan, population density and human activity pattern, soil texture and hydrology, representation from environmentally defined urban receptors (pure residential, commercial and sensitive zones), and epidemiological pattern of the study area. Windrose of the study area has been presented in Fig. 2 . Indoor monitoring sites have been identified within the established ambient air monitoring network before (Dubey and Pervez, 2008) . Table 1 describes the characteristics of the indoor and outdoor environments. Handy respirable particulate samplers (Envirotech Model APM 821) drew air at 1.1 L/min over 24-hour periods through cyclones with a 5 µm 50% cut-point onto 37 mm diameter glass-fiber filters (Whatman GF/F). One sampler was placed inside each residence and two samplers were located outside, one 500 m from the residence to represent outside air (especially from road-traffic junction) that might infiltrate and the other 2500 to 3500 m from the residence next to the closest emissions sources, as detailed in Table 1 . Two samples per week were taken over a ten-week period in each of the four areas shown in Fig. 1 . In each sampling event three GFF's were recovered, each in an interval of 8 hrs to overcome the filter choke and to maintain the uniform air flow rate. Pervez et al., Aerosol and Air Quality Research, 12: 49-60, 2012 
Source Sampling
Source emissions samples were acquired for different residential fuels to develop elemental source profiles for these emissions, as summarized in Table 2 . Fuels were combusted in three different stoves for 8 to 12 hours within a closed room in and sampled with the same sampler used for outdoor and indoor air. Similar conventional stoves have been widely used across the local community.
For fugitive dust profiles, 10 kg of surface soils were obtained from surfaces near the monitoring sites. For the study region as a whole, the predominant soil type is clayey soil. Distribution of different soil type within study region has been found as: Clayey-45.94%, Laterite-14.26%, Sandy loamy-21.23% and clay-loamy-18.57%. Soil samples representing all available types have been collected from five locations close to indoor sites using standard procedures (Koshle et al., 2008) in a depth of 4-6 cm after removing upper surface layer. Collected soils were then mixed together in similar proportion described as relative availability in the study region. These samples were ground in a milling machine and suspended into a glass chamber (size 1.5 m 3 ) using a pressure fan from which they were sampled onto filters using the same Handy sampler and inlet (Chow et al., 1994; Gadkari and Pervez, 2007) . In each sampling event three GFF's were recovered, each in an interval of 4 hrs to overcome the filter choke and to maintain the uniform air flow rate.
Filter Analysis
Before and after sampling the filters were conditioned in desiccators at 55°C and 55% RH for 12 hours prior to weighing on an electronic balance (Denver Instrument Model TB-215D) with 0.01 mg precision. The net weight gain was divided by the sample volume to obtain RPM concentrations in μg/m 3 at ambient temperatures and pressures. A 3.5 cm 2 portion of each of three exposed filter in each sampling (total:10.5 cm 2 ) plus filter blanks was extracted in 50 ml of deionized distilled water and submitted to ion chromatography for Cl -, SO 4 2-, and NO 3 -levels (Canepari et al., 2006) . Another 10.5 cm 2 portion was extracted in 25 Conventional stove cylindrical (ht: 2.5 ft, dia: 1.5 ft) 3.5 kg of coke and cow dung cakes (3:1) by wt 2.5 ft 3.5 ft LPG stove Rectangular (3 ft × 1.5 ft × 0.5 ft) LPG 2.5 ft (Adjusted) 3.5 ft Kerosene stove cylindrical (ht: 1 ft, dia: 0.65 ft) Kerosene 2.5 ft (Adjusted) 3.5 ft mL acid mixture of H 2 O 2 and HNO 3 (3:1) by standard digestion method applied for 6-8 hrs (Canepari et al., 2006; Tursic et al., 2008) . Final volume was made up to 25 mL using deionized distilled water and submitted to ICP-AES analysis for Fe, Al, Ca, Mg, Cr, Mn, Ni, As, Hg, V, Zn, Cu, Pb, Co and Sb using standard procedures and recommended conditions of operation (Montaser and Golightly, 1987) . A portion of this extract was analyzed by AA for Na and K. KCl and NaCl (Merck, Spectroscopic grade) were used for calibration of the instrument (Balakrishna and Pervez, 2009) 
RESULTS AND DISCUSSION
Indoor/Outdoor Concentrations (Tables 3, 4 & 5)
Mean RPM levels of selected indoor-receptors have shown significantly higher presence compared to Indian NAAQS standards (60 µg/m 3 for residential areas). The annual average ratio RPM/PM 10 was found to be 0.69 (Gadkari and Pervez, 2007) and was being used for comparison of indoor RPM measurements with Indian NAAQS of PM 10 . Results of regression analysis between indoor-receptors and outdoor-routes have shown higher degree of variation in relationship. In contrast to Urla Industrial area (S-5), Siltara Industrial area (S-6) has shown best correlation with all indoor-receptors compared to other source-routes. This might be due to favorable wind direction for S-6 towards the indoor-receptor sites. The prevailing wind direction in the study region is mainly northeasterly and southwesterly throughout the year, but it was mostly southwest during the study period (OctoberDecember 2009). The deviation pattern from annual geometric mean can also be a marker to explain the negative correlation of S-5 with all indoor-receptors, which is unusually very high compared to other source-routes. The higher deviation pattern at R-5 is due to location of variety of industrial units having different manufacturing processes involved. The Mandir Hasaud Industrial area(S-7) has shown varied and poor relationship with all indoor-receptors. As far as Roadtraffic (S-8) is concern, R-3 and R-4 have shown maximum susceptibility due to their surroundings of high traffic density and commercial zone. Highest correlation coefficient (0.75) between S-6 and R-4 is due to their close proximity.
It has been clearly observed from regression analysis method (Geller et al., 2002 ) that S-6 has shown major contribution to most of indoor-receptors starting from 53% to R-4, 36% to R-1 and 33% to R-3 and this is due to three factors: 1) favorable wind direction from this source site, 2) About 95% of industrial units are based on high temperature based metallurgical processes, which release RPM in a uniform pattern and 3) huge presence of iron and carbon particles that have been reported to be the good adsorbents of other chemical species and have high settling tendency within urban scale (Borderieux et al., 2004) . S-7 and S-8 have shown marginal contribution to selected sites with exception of R-3 by S-8. Occurrence of higher degree of variation in source-receptor relationship has implied the need to execute chemical mass balance with taking soils and HFB also as additional source-routes of indoor RPM.
The chemical analysis of indoor RPM has shown that source based marker species were found comparatively in greater levels than other species. Carbon and Iron content have been quantified at higher and uniform level across the selected residential indoors located in different surroundings and 4-7 folds higher than earlier indoor studies conducted in Indian environment (Thakur et al., 2004; Rai et al., 2002) . This might be due to greater number of ferrous metallurgical industries located close proximity to study area. Anionic species (SO 4 2-, NO 3 -and Cl -) have shown 2.5-10 times higher presence across all selected indoors compared to earlier reported values (Verma et al., 2010; ). All anionic species have shown different levels across the indoor receptors with higher levels in R-4 located close to Siltara industrial area. Higher presence of SO 4 2-in R-2, pure residential area located in clean environment, might be due to favorable wind direction from selected industrial locations during sampling period. As far as earth crustal species (Al, Ca and Mg) are concern, again different enrichment in RPM has been observed with higher Ca values at R-2 followed by R-3, while RPM-Al has shown higher presence at R-4 due to close proximity of S-6. Mg and Na have shown uniform increasing enrichment in RPM from R-1 to R-4. A potassium levels in RPM have been found to be higher in R-2 and R-4 compared to other indoors due to dominance of indoor generated RPM compared to outdoors. Interestingly, sulfur has shown lower trend in indoor RPM enrichment at R-1 due to closeness to S-5 where most of industrial units are non sulfur based chemical/fertilizer manufacturing and textile units. Chromium levels have shown presence within prescribed standards but R-1 and R-4 have received significantly higher concentration compared to earlier reported values. Manganese has shown comparable levels compared to earlier reported values. Nickel has shown different enrichment pattern in indoor RPM with hundred fold higher levels at R-1 and R-4 compared to prescribed standards, while R-2 and R-3 have not shown high RPM-Ni levels. As, Hg, V, Zn have shown uniform variation in RPM enrichment across residentialindoors with higher enrichment at R-1 and R-4 due to their close proximity to industrial locations, and hundred to thousand fold higher levels compared to prescribed standards.
Lead has shown hundred fold higher presence in RPM measured at R-4 indoors, while other sites have not shown higher RPM-Pb compared to prescribed standards. Similar trends of elemental enrichment in indoor-RPM have been observed in case of cobalt for R-4 and antimony for R-3 and R-4 both.
Source Profiles (Fig 3) Statistical graph of log 10 of species concentration (%) have been presented in Fig 3. The logarithmic values of source species concentrations (%) have been taken to resolve the relative positions of statistical graphs of selected species. Results of source chemical profiles have shown that total carbon has been emerged as major constituent of RPM matrix in all sites except S-5, where major emissions from non-coal based non-metallurgical processes. Total carbon (TC) has shown major presence in road traffic emissions (S-8) followed by S-7, S-6 and S-10. S-6 and S-7 have 95% industrial units with higher temperature based combustion processes whereas most of industrial units located in S-5 region are known for moderate temperature based processes. Similarly higher deviation pattern in longitudinal measurements of TC at S-5, S-9 and S-10 compared to S-6 and S-7 is also due to process temperature involved (Volkovic, 1983) . Detailed description of source profiles has been described elsewhere (Dubey, 2011) .
Source Apportionment Approach and Sensitivity Testing
Source apportionment was carried out in two steps: 1) Using linear regression analysis to evaluate the possible relationship between indoor-receptors and identified sourceroutes, and 2) using chemical mass balance receptor modeling (CMB 8) (USEPA) to quantify the relative source contributions. Geller et al. (2002) describes the intercept of regression line between dependent (Receptor RPM levels) and independent variables (Source RPM levels) has been identified as concentration of PM generated within receptor itself and not contributed by independent source. Similarly slope values of regression have been evaluated to be the decay constant of PM at dependent variable (receptor site). These factors (intercept and slope) were used to investigate probable transfer of source PM levels to a specific receptor site in earlier studies. A clear agreement between calculated and measured values has been obtained (Geller et al., 2002; USEPA, 2003) . The values of intercept and slope calculated in this study have been presented in Table 5 . Watson et al. (1998) and Watson and Chow (2005) describe CMB modeling procedures and an application and validation protocol. The activities carried out to complete the protocol are described in this section.
CMB Model Applicability:
The requirements for CMB model applicability are as follows: (1) a sufficient number of receptor samples are taken with an accepted method to evaluate compliance with standards; (2) samples are analyzed for chemical species which are also present in source emissions; (3) potential source contributions have been identified and chemically characterized; (4) the number of non collinear source types is less than the number of measured species (Watson, 1984; Watson et al., 1991; Watson et al., 1997; Watson et al., 1998; Watson and Chow, 2005) . All major source types in the study region have been identified, and profiles which represent their emissions have been assembled. Examination of the chemical profiles shows significant differences among profiles for major source types such as ferrous metallurgical process oriented industrial groups (Siltara Industrial area, S-6), chemical, fertilizers and steel rolling process based industrial groups (Urla Industrial area, S-5), road-traffic emissions, household fuel burning and soils re-suspension. The number of species measured in source and receptor samples is greater than the number of non collinear sources. Initial tests with different combinations of profiles determine which profiles best explain the data at each site. Several initial CMB runs were performed at each site for indoor RPM, and the CMB performance measures were examined to determine how well the indoor concentrations were explained by the source contribution estimates. The best fit parameters have been presented in Table 6 . 
Source Contribution Estimates
Source apportionment results (Table 6 and Fig 4) comparing indoor RPM source contributions by linear regression and CMB. CMB results have shown clearer picture of source apportionment of indoor RPM with potential impact of S-6 in selected indoor-receptors. It has given contribution range from 25-39% of indoor RPM with exception at R-1 and R-2. S-5 has shown major contribution only at R-1 due to close proximity, which was not observed in regression analysis. Again, Mandir Hasaud (R-7) has shown more clarity of contribution with 51% in R-2 that explained the temporary straight approach of S-7 to R-3 region. Roadtraffic (S-8) has shown consistency across the indoor-receptor sites with contribution range of 16-31%. Soils (S-9) of the study region have not shown any contribution to indoorreceptors due the fact that road-traffic profile is developed as mixture of automobile emissions and roadside runoff. Introduction of HFB (S-10) in CMB has shown significant impact on source contribution pattern reported earlier by regression analysis where HFB was excluded. It has shown contribution range of 15-53% across the indoor-receptors with significant share of total source contribution and consequently decreases other outdoor sources except the dense plume approaches directly from S-7 to R-3. In case of R-4 indoor-receptor close to S-5, regression results have shown 53% contribution from S-5. HFB diminishes it to 39% with significant margin of 14%. As far as goodfit parameters is concern, S-5 has shown prescribed standards of TSTAT with R-1 and R-4, S-6 with R-3, S-7 with R-3, S-8 with R-3 and S-10 with R-2 and R-3. Occurrence of higher insignificant TSTAT in different combinations of sourcereceptors has attributed to need of detailed speciation of total carbon in indoor RPM.
CONCLUSION
The hypothesis of the study has been well explained experimentally. Results of regression analysis have explained the probable relations of selected source-receptors, but CMB results explained the detailed quantification of selected source contributions to RPM of specific indoor-receptor. The conclusions drawn from regression analysis are: 1) probable relationship between selected source-routes and indoorreceptor with best correlation of Siltara Industrial area (S-6) to most of indoor-receptors, 2) Higher deviation pattern from mean RPM of Urala Industrail area (S-5) is mainly responsible for negative correlation with all indoorreceptors and 3) S-6 has been identified as main outdoorsource contributor (up to 50%) of indoor RPM in most of the sites. While CMB results are concluded as: 1) Outdoor source-routes have shown different approach among selected indoor-receptors compared to regression analysis, but again the Siltara Industrial area has been identified as main contributor to R-2 and R-4, while Urla (S-5) has shown major contribution to R-1 and Mandir Hasaud (S-7) to R-3, 2) Road-traffic has shown consistency in relative source contribution to indoor RPM across the sites, 3) HFB has shown significant variation in its relative contribution to indoor RPM (15-53%) across sites and suppressed the outdoor infiltration in selected indoor-receptors. 4) Soils have not shown any contribution due to similarity with the source profiles of road-traffic emissions (S-8) and 5) In spite of taking 17 chemical species in CMB execution, the good fit parameters have not met the prescribed standards in a number of relationship cases. The probable reason behind this are: 1) Almost all source-routes carrying total carbon as major content, 2) Different combustion temperature involved across source types resulting in emission of varied proportion of speciated carbon species and 3) Hence lack of generation of speciated carbon species data might be the main reason and needed to be resolved. In spite of this, a preliminary picture of source apportionment of indoor RPM of Raipur, India has explained that industrial contribution to indoor RPM is mainly depend on wind pattern, whereas road-traffic emissions have shown consistency in relative source contribution with 1/3 rd of total indoor RPM. Household fuel burning emissions (HFB) have shown varied impact on indoor RPM depending on the ventilation properties and fuel used in the houses.
